The 
Introduction
In this paper we present a dual-band filter based on a synthesis method without bandwidth limitation. At the lower microwave frequencies, where the size of the transmission line-based filters is large, quasi lumped element (QLE) filters have a size advantage over distributed filters. QLE filters could be smaller than equivalent distributed filters and can realise filters with large bandwidths. The filters are often implemented on multilayer technologies such as LTCC (low temperature co-fired ceramic) and LCP (Liquid Crystal Polymer) or on CMOS (Complementary Metal Oxide Semiconductor) at frequencies above 60 GHz.
A single-band wideband filter design on LCP, based on the cascade of a lowpass and highpass filter, with a similar fractional bandwidth and frequency range as the filters presented in this paper, is described in [1] . While this is a single-band filter, it provides comparative data on element Q-factors for quasi-lumped elements on LCP in a similar frequency range as the filters in this paper.
A single band Chebyshev filter on LCP in [2] is the basis for two passbands. This is achieved by a transformation that replaces a second order LC resonator filter with a fourth order network. The realised filter is compact and easy to implement. Its downside is that the circuit topology provides limited suppression between passbands.
While the size advantage of quasi-lumped elements (QLE) over distributed elements are pronounced at frequencies below 10 GHz, it is not limited to the lower GHz frequencies. QLE are also used at frequencies up to 100 GHz. Between 50 and 100 GHz, the size of quasi-lumped elements is comparable to distributed elements. An example of filters based on QLE in CMOS technology are found in [3] , where single-layer capacitors are preferred to multilayer capacitors, to reduce loss. Inductors at mm-wave frequencies also need special care in design [4] .
Recently, a synthesis method to produce exact lumped element models for multi-band filters was developed [5] . The wideband version of this method for multi-band lumped elements filters [6] is based on rational transformation functions for frequency mapping. It transforms each single band lumped element into a one-port cascaded circuit of inductors and capacitors, according to the required number of passbands. The lumped element circuit model of this paper is derived from this procedure. One key difference between our work and previous work, for example [2] , is that our circuit model is based on an exact synthesis method which is equally applicable for narrowband and wideband multiband filters. The lowpass lumped element filter and the dual-band lumped-element filter models are shown in Fig. 1 . 
Synthesis Based on a Wide-Band Reactance Transform
A lowpass prototype filter for an elliptic functions is selected for the finite-frequency transmission zeros realization. A lowpass prototype is shown in Fig. 1(a) . The low pass filter shunt branch with the series resonant L-C circuit realizes a finite frequency transmission zero above the pass band. The element values for an elliptic low pass prototype filter are obtained for order 3 from [7] where g 1 = L 1 , g 2 = C, g 2 = L 2 and g 3 = L 3 . Order 3 is a lowest order that results into a low number of elements in a dual band filter (in this case eight capacitors and eight inductors) while attaining finite transmission zeros. The low pass prototype is transformed to a multi-band network in Fig. 1(b) . Each element in Fig. 1(a) represents four elements in a dual band filter Fig. 1(b) as indicated by the matching colour.
The dual-band filter frequency specifications extends from 0.45 GHz to 0.86 GHz for band 1 and from 1.24 GHz to 1.75 GHz for band 2. The synthesis process begins with mapping the real pass band edge frequencies to the prototype frequency domain using the general mapping function relationship defined in [5] .
The prototype pass band edge frequencies are found as follows:
Band 2: Ω = (0.7057, 1.000).
The prototype pass band specifications obtained with (1), where ω U N denote the high band-edge of the highest pass-band and is equal to 1.75 GHz. It carries 2N pass bands resulting in a set of 4N pass band edge frequency in the actual frequency domain presented in (4) where N = 2 for a dual band filter. 
The set of coordinates in( 4) are plotted in Fig. 2 . The coordinate set in (4) is applied to (5) to obtain a set of 4N linear equations in terms of the unknown coefficients.
where
For search of values of unknown coefficients α i and β i .
The expression in (5) is then presented in matrix notation as AX = B. The matrix A, eight rows of which
and is detailed in Tab. 1.
The matrix X consists of unknown coefficients in the sequence of α 2 N,
In the result of calculation, the matrix B and X are created as follows: The rational mapping function Ω = ρ 2 (Ω)/q 2 (Ω) as a function of Ω, found according to the method presented in [5] , [6] is:
The results of calculation by (6) are shown in Fig. 2 .
A driving point function can be indicated in the Foster topology by indicating the function as a sum of partial fractions. The general driving point function, (6) , for this dual-band filter case as a Foster expansion according to the method in [5] is:
+1.8837S (7) while the Mixed Cauer expansion results from evaluating one pole at zero and one pole at infinity inside the continued fraction expansion. Two coefficients are computed between inversions as:
Both expansions narrate a circuit in terms of impedance function in which elements are connected in series or an admittance function where the elements are connected in parallel. Both expansions lead to the same circuit elements for the specific case of a dual-band filter. Fig. 1(b) .
The transformation replaces each inductor and capacitor in the lowpass circuit by a one port network. Each of the coloured elements of Fig. 1(a) are transformed to equivalent lumped element circuits for a specified dual-band filter in Fig. 1(b) . Practically, this means that in the dual-band case each series inductor in Fig. 1(a) is transformed into a series L and C plus a parallel L-C combination, as indicated in Fig. 1(b) . Since the multi band reactance transformation directly transforms a lowpass filter prototype into a multi-band filter, the implication is that the low pass response is repeated for each pass band. It is clear that the low pass response is repeated as two pass bands with the same shape but different, specified bandwidths. The element values for the dual band filter of Fig. 1(b) is tabulated in Tab. 2 and the theoretical low pass and dual-band responses are shown in Fig. 3. 
Practical Design Implementation

Physical Design Layout
The model in Fig. 1(b) was implemented on a multilayer Mercurywave substrate with dielectric constant of 3.5 and loss tangent of 0.004 with three metallization layers. The layer stackup (material type and layer thickness) is shown in Fig. 4(a) . Two implementations, labelled A (Foster expansion) and B (Mixed Cauer expansion), were designed. Both filters have the exactly the same elements but the sequence of elements are different, in this special case of a dual-band filter.
The filter is designed to have two passbands, the first from 0.45 GHz to 0.86 GHz,and the second from 1.24 GHz to 1.75 GHz. The 3D layout of implementation B, the more compact implementation, is shown in Fig. 4(a) . Figure 4(b) shows the layer stackup of six layers and the layer thickness in each case. Fig. 4 (c) details a 3D view of the inductor construction.
The suppression between bands is set at 30 dB as is evident in Fig. 3 . There are 16 lumped element components, but symmetry reduces the number of unique components to twelve. The range of largest to smallest reactive element for this filter is 42. Figure 5 shows the manufactured filters.
Four inductor build structures are detailed in Fig. 4(c) .
Large inductance values are realised by spiral designs (inductors L 1a and L 4a ) and have lower Q-factors depending to the number of turns. Smaller inductances are constructed with meandered line, which has low inductance and higher Q-factors, for example the smallest inductor L 2a in Fig. 4(c) .
The frequency responses of the simulated and measured results are in Fig. 6 . Figure 6 The average passband insertion loss is 0.64 dB for filter A and 0.9 dB for filter B. Good agreement for implementation A and B are found. This demonstrates that two different designs produce very similar results-indicating the design method is sound and repeatable. Photographs of filter A and B are shown in Fig. 5 . Version B of the filter is a more compact implementation, aimed at investigating to what extent the parasitic effects would be more influential in such an implementatation.
The physical size(s) of elements both inductors and capacitors including vias were developed following [8] . S parameter of each element were measured to provide accurary of high level while taking into consideration effects of promixity and subtrate thickness. Design B is build and constructed as shown in Fig. 10 and Fig. 11 . 
The Influence of Non-idealities on the Realisation of Filters
For a multi-band filter it is very likely that parasitic elements, in especially the inductor implementation, could influence the realised bandwidths of the filters. In this section, parasitics that may influence the relative bandwidths and filter selectivity are investigated. Parasitic components for inductors are generally more influential than those of the capacitors. The total inductance in each inductor is found from the EM generated equivalent circuit models based on simulation, where each inductor is simulated using Sonnet software to extract the equivalent circuit. The EM simulation includes all effects ranging from substrate properties,layer stackup and dispersion of material properties. Each inductor has the equivalent circuit shown in Fig. 12 . Here, C s is the fringing capacitance between the inductor turns, R s the series resistance of the inductor metal, L s the total inductance, R k the series resistance of the inductor metal, L k series inductance of the inductor metal, C ox1 and C ox2 the shunt capacitances of the oxide layer, C sub1 , C sub2 total shunt capacitance of the dielectric layers and R sub1 ,R sub2 shunt resistance due to substrate losses.
To analyse the spurious effects on the ideal dual-band circuit of Fig. 1 , the EM generated inductor of each inductor in Fig. 4 is inserted in a dual-band model replacing ideal inductor one by one to observe the impact on the frequency. The values of all parasitic elements generated from the four unique inductor designs are detailed in Tab. 3 with inductors in nH, capacitors in pF and resistance in Ω. Two examples are indicated in Fig. 7 and Fig. 8 : in the first the focus is on L 1a , where the generated spurious elements are included in the model of Fig. 7(a) as shown in Fig. 7(b) . The dominant spurious effects from inductor L 1a is the influence on the bandwidth on band two, as is evident from the first graph of Fig. 9 , while band one is not affected significantly. In practice inductor L 1a has a large physical dimension. To model the spurious effects, L 1b and L 3b in Fig. 8(a) are replaced by the full circuit models including parasitic elements as detailed in Fig. 8(b) . The main influence here is the suppression between the pass bands in the second graph of Fig. 9 , which if these effects were not included in the design, would have destroyed suppression between the two bands. In the design process these effects were taken into consideration to meet the filter specifications. Tab. 4. Comparison of element value ranges for a wideband and dual-band filter with the same overall bandwidth. This factor is a measure of the challenge level to design a dual-band filter as compared to a single band filter with the same bandwidth. 
Review of Results
Finally, we compare the spread of reactive element values to a single-band filter with similar overall bandwidth. Table 4 compares a wideband filter (single band) based on the same quasi-elliptic filter of Fig. 1(a) to the multi-band prototype filter of Fig. 1(b) . The filter of Fig. 1 has a ratio of maximum to minumum Inductance/Capacitance values of 42, a factor 2.4 higher than a (single) wide band filter with the same overall bandwidth. This confirms a dual-band filter with the same overall bandwidth as a wideband filter is more challenging to design, on account of an increased number of lumped elements, and due to the increased range of element values. Based on our measurement results we demonstrated that this range of lumped element values can be readily implemented on a multi layer stackup.
Conclusion
This paper demonstrates the use of a reactance transform method to design quasi-lumped element dual-band filters with a centre frequency ratio of 2.3 between passband centre frequencies. The individual fractional bandwidths are 68% (band 1) and 34% (band 2). Two implementations with similar results give confidence that the design procedure could be implemented to meet any similar dual-band filter specifications.
